compromise of perception, attention, and executive control, may affect the resolution of perceptual ambiguity, a process hypothesized to be subserved by attentional networks (for a review, see Koch & Tsuchiya, 2007) .
Perception can be considered ambiguous in that the brain creates the best possible interpretation from complex visual input. Bistable figures have two equally plausible interpretations, and while the stimulus remains unchanged, the individual's perception of the image alternates. The ambiguity of bistable figures makes them useful tools to examine visual perception, because they offer insight into how humans derive one percept from competing visual inputs (Blake & Logothetis, 2002; Leopold & Logothetis, 1999; Long & Toppino, 2004) . Neuroimaging studies with YAs have demonstrated the role of top-down processes in bistable perception, showing activation in frontal and parietal cortices during perceptual reversal (Britz, Landis, & Michel, 2009; Knapen, Brascamp, Pearson, Van Ee, & Blake, 2011; Rees & Lavie, 2001; Slotnick & Yantis, 2005; Sterzer & Kleinschmidt, 2007; Tong, Wong, Meng, & McKeeff, 2002; Weilnhammer, Ludwig, Hesselmann, & Sterzer, 2013) . These higher-order brain regions have been associated with the attentional network, suggesting that this system may be involved in selection among competing visual perceptions, that is, disambiguating visual information in the environment (Leopold & Logothetis, 1999; Long & Toppino, 2004; Tekin & Cummings, 2002; Windmann, Wehrmann, Calabrese, & Gunturkun, 2006) . Aging affects the frontal regions, including the dorsolateral prefrontal circuit, and parietal regions (see references at the beginning of this section), but it is unknown whether these age-related structural and functional changes affect bistable perception and if so, whether these perceptual deficits occur prior to or concurrently with cognitive attentional-control impairments.
Few studies have investigated the role of aging in bistable perception under contrasting experimental conditions, including passively (spontaneously) viewing the image, as opposed to conditions in which observers show their ability to hold one percept (increase the time of perceiving a single percept), or switch between the two percepts (decrease the time of perceiving a single percept). The first of these studies used the bistable Necker cube and found that only six elderly adults out of 31 eligible participants (ages 65-90) were able to understand the task and report reversals (Heath & Orbach, 1963) . The investigators noted that the reversal rate for four out of the six participants (one, two, four, and eight reversals while viewing the cube passively for 2 min) was comparable to that of younger patients (ages 23-51) with frontal-lobe damage (eight reversals, Yacorzynski & Davis, 1945) . Holt and Matson (1976) also reported a significantly lower number of reversals in OAs (≥65 years old) than in groups ranging in age from 10 to 55, with the highest number of reversals attained by the participants aged 25-45. More recent studies have reported aging effects in bistable perception using binocular rivalry under passive viewing conditions (Norman, Norman, Pattison, Taylor, & Goforth, 2007; Ukai, Ando, & Kuze, 2003) . Binocular rivalry occurs when two dissimilar images are presented simultaneously, one to each eye. Rather than perceiving a fusion of the two, one image at a time dominates conscious awareness while the other image is suppressed (Blake & Logothetis, 2002) . Norman and colleagues (2007) presented two different sinusoidal gratings, one to each eye, and asked younger and older participants to report when they perceived a probe, which was present in either the dominant or the suppressed view. They found that the magnitude of binocular rivalry suppression was significantly larger for older than younger individuals, meaning that one percept dominated for a longer period of time. In another binocular rivalry study, Ukai and colleagues (2003) found significant differences in mean binocular rivalry alternation time between younger (20s), middle-aged (40s), and OAs (60s) when asked to passively observe the stimuli. The alternation time for the YAs (2.7 s) was significantly faster (that is, shorter dominance duration) than that of the other groups (3.6 s for middle-aged adults and 4.29 s for OAs). These studies, taken together, document the effect of aging on perception while viewing bistable images or dichoptic presentation passively.
A more recent study investigated the effect of aging on volitional control over bistable figures, that is, the ability to hold one percept (increase the time of perceiving a single percept), and switch between the two percepts (decrease the time of perceiving a single percept). Aydin, Strang, and Manahilov (2013) used the ambiguous Rubin vasefaces figure and found that compared to YAs, OAs had more difficulty holding one percept while showing intact ability to expedite the switch between the two percepts. These findings suggest that age-related structural and functional brain changes may selectively compromise specific attentional networks used for the stabilization of ambiguous perception, but leave unaffected other networks supporting voluntary reversibility.
Prior to the study by Aydin and colleagues, volitional control of bistable perception was described only in healthy young adults and in clinical populations, such as those with frontal-lobe dysfunction (Windmann et al., 2006) and schizophrenia (McBain, Norton, Kim, & Chen, 2011) . In Windmann and colleagues' (2006) study, individuals with prefrontal damage (mean age = 61.4, age range 33-80) were less able than a healthy matched control group to intentionally switch between the two possible views of bistable images (including the Necker cube) but were equally successful at holding one percept of the figure. The investigators concluded that the frontal lobes might support the voluntary reversibility of bistable images. McBain and colleagues (2011) used the Necker cube to study the volitional control capacities of individuals with schizophrenia (age 40.7 ± 16 years) and found that when instructed to keep one percept dominant, they were able to do so only 58% of the time, whereas the age-matched control group was successful 73% of the time. The interpretation of the results was that schizophrenia, with its associated impairments in prefrontal and posterior parietal cortices, compromises the stabilization of bistable perception.
These behavioral studies together suggest that bistable perception is mediated by brain areas associated with the frontoparietal attentional network, which is affected by normal aging (Aydin et al., 2013; Heath & Orbach, 1963; Holt & Matson, 1976; McBain et al., 2011; Norman et al., 2007; Ukai et al., 2003; Windmann et al., 2006; Yacorzynski & Davis, 1945) . Research has shown that structural and functional changes in these brain regions associated with normal aging also lead to cognitive deficits on tests of executive function, including working memory (Gunning-Dixon & Raz, 2003) , processing speed, and reasoning (Stebbins et al., 2001) . It is as yet unknown whether, in regard to the resolution of perceptual ambiguity, there may be aging effects that map onto these well-known cognitive changes in the aging brain.
In the present study, the performance of OAs and YAs was compared under conditions of passive viewing and volitional control (Hold and Switch) of an ambiguous Necker cube stimulus. The first aim was to examine whether the perception of OAs would differ from that of YAs in spontaneous viewing and in their ability to manipulate their attention to exert volitional control over the bistable image. This examination would extend the findings of Aydin and colleagues with the Rubin vase-faces by inclusion of a different and well-studied bistable figure, the Necker cube. We hypothesized that compared to YAs, OAs would have a reduced ability to hold one percept of the bistable image. The second novel aim, which was exploratory, was to establish whether group differences in perceptual attentional control, if they existed, would be related to group differences in frontally mediated cognitive performance.
Methods

Participants
Participant characteristics are displayed in Table 1 . There were 24 healthy OAs (mean age: 65.9, SD: 5.6 years, range: 56-78) and 20 YAs (mean age: 19.4, SD: 1.5 years, range: 18-24). OAs were volunteers from the community and YAs were recruited from Boston University introductory psychology classes. We note that the YA group, which had fewer years of education than the OA group, was composed of current undergraduates who are expected to have a higher terminal than current education level. OAs scored similarly to YAs on baseline intellectual functioning, as measured by the Wechsler Test of Adult Reading.
All participants were interviewed about their medical history to rule out confounding diagnoses such as stroke, head injury, and serious medical illness, including psychological disorders (e.g., substance abuse disorder, depressive disorders, anxiety disorders). No participant had undergone surgery affecting any brain regions. OAs were nondemented, as indexed by scores on the modified mMMSE (Mini-Mental State Examination with score conversion to standard MMSE, mean 28.8; SD = 1.0; no score below 27; Stern, Sano, Paulson, & Mayeux, 1987) .
To evaluate mood, we administered the BAI (Beck Anxiety Inventory; Beck, Epstein, Brown, & Steer, 1988] and the BDI-II (Beck Depression Inventory-II; Beck, Steer, Ball, & Ranieri, 1996] . There were no group differences in depression, as measured by the BDI, or anxiety, as measured by the BAI. Participants also answered questions regarding ophthalmologic health to ensure that they did not have ocular or optical abnormalities that would have influenced performance on the visual measures. OAs had undergone a detailed neuro-ophthalmological examination within a year of the study and were determined not to have any ocular disease (e.g., cataracts, glaucoma, macular degeneration) or other abnormalities.
Materials and procedure
The Necker cube was used as the ambiguous stimulus for all experimental conditions because of the extensive history of empirical investigations with this stimulus in examining bistable perception in YAs, as well as in clinical populations with frontal-lobe dysfunction (Ricci & Blundo, 1990; Windmann et al., 2006) , schizophrenia (McBain et al., 2011) and older adults (Heath & Orbach, 1963) . A right-face forward-down Necker cube was presented on a white background in the center of a 21-inch LCD monitor (Figure 1 ; width = 8°of visual angle). A fixation cross was presented in the center of the cube, while head movements were stabilized with a chin rest at a viewing distance of 62 cm. Observers were instructed to maintain fixation throughout each 60-s trial and to avoid eye movements. Eye movements were tracked in each condition and recorded with an ASL (Applied Science Laboratories) eye tracking system. The camera had a sampling rate of 60 Hz, and the system used an ASL EYE-TRAC 6 Control unit (system accuracy is 0.5°of visual angle, and resolution is 0.25°). We were unable to collect reliable eye tracking data from all participants for various reasons, including bumpy sclera or small pupils or eyes. Reliable data were collected from 15 OA and 12 YA participants. Participants with eye-tracking data did not significantly differ in demographic characteristics from those participants who did not have (reliable) eye-tracking data. They also did not differ in performance on the Necker cube experiments (dominance durations); both those with and without eye tracking showed an effect of condition, but there was no main effect of group, nor a group by condition interaction ( 53, p = .51). Our interpretation of the similar findings by condition, and the lack of group effects, is that the groups are probably behaving similarly in regard to eye movements, and accordingly it is legitimate to collapse across the groups for further analyses of the data, retaining the power of the combined group size. After providing informed consent, participants received a comprehensive interview to collect historical and demographic information and screening in regard to inclusion and exclusion criteria. Eligible participants completed mood assessments (BDI-II, BAI) and then the perceptual experiments. The perceptual tasks were conducted across several short testing sessions alternating with the neuropsychological assessments in order to minimize visual fatigue (discussed below).
Participants were initially presented with two 3-D models of a cube and asked if they had seen these types of cubes before. The experimenter then explained that the same cube could have different interpretations depending on the viewing angle if the person were to rotate it. After viewing the 3-D models, participants were presented with a 2-D graphic of an ambiguous Necker cube on an 11′ × 8½″ piece of paper and asked whether they could perceive the two possible cube interpretations. Once the participant reported both percepts, the experimenter showed another 2-D graphic with three cubes:
(1) an ambiguous Necker cube in the middle; (2) an unambiguous Necker cube denoting the right cube interpretation on the right (that is, right face perceived as in front); and (3) an unambiguous Necker cube denoting the left cube interpretation on the left (that is, left face perceived as in front). Participants were instructed, with the help of these drawings, to report aloud "right" every time the cube in the middle resembled the unambiguous cube on the right, and to say "left" every time the cube in the middle resembled the unambiguous cube on the left, all while maintaining fixation on a cross placed in the middle of the ambiguous Necker cube (Figure 1 ). Participants were instructed to verbalize their perception of the cube and its reversals throughout the conditions. The use of verbal response (rather than button press, for example) was required, because the present aging study was conducted as part of the larger research project that included participants with Parkinson's disease , in order to circumvent the potential effects of motor rigidity, tremor, and slowness of movement on motor response. For this reason, throughout the present experiment, participants provided verbal responses, and the examiner pressed the response keys on the computer.
The perceptual experiments were conducted with the lights off in a windowless room after dark adaptation. There were five 60-s learning trials to ensure reliable reporting of perceptual alternations. For the first two practice trials, one graphic demonstrating the right cube interpretation and one graphic representing the left cube interpretation were placed on either side of the computer monitor to ensure reliable reporting of reversals. The graphics were then removed for the last three practice trials. Data were collected during all five practice trials for eye movements and behavioral responses of reversals to ensure that the participant was able to do the task; these data were not included in analyses.
Following the practice trials, participants were introduced to the Passive condition. Here, they were instructed to "just look at the cube passively without trying to force any of the percepts." The order of the two volitional conditions was counterbalanced across participants. In the Hold condition, participants were instructed to "attempt to hold the lower right cube in front as long as possible" for three 60-s trials, and "attempt to hold the upper left cube in front as long as possible" for the last three 60-s trials, all while reporting switches. These two Hold conditions (lower right, upper left) were counterbalanced. "Right cube" referred to the right face being perceived in front; "left cube" referred to the left face being perceived in front. In the Switch condition, they were to "attempt to speed up between the two cube percepts as fast as possible" (Figure 1 ). Participants continuously monitored their perceptual state and reported perceptual reversals aloud (e.g., "right" for lower right cube or "left" for upper left cube) and the examiner pressed the respective key of the computer to record the response. Each Passive and Switch condition was presented for five 60-s trials, and the Hold condition was presented for six trials (three "hold right" and three "hold left") of the same duration.
Neuropsychological assessment
Participants were administered several neuropsychological tests in order to examine whether perceptual reversibility (as measured by dominance durations; discussed below) among OAs and YAs was associated with executive functioning, including inhibition and attentional control (Stroop Color-Word Test; Stroop, 1935) , verbal flexibility (D-KEFS Verbal Fluency; Delis, Kaplan, & Kramer, 2001; Delis, Kramer, Kaplan, & Holdnack, 2004) , nonverbal fluency and mental flexibility (Ruff Figural Fluency Test; Ruff, Light, & Evans, 1987) , attention, working memory, and cognitive flexibility (Trail Making Tests A and B; Tombaugh, 2004) , set-shifting, and perseveration (Wisconsin Card Sorting Test -64 Computer Version; WCST-64; Kongs, Thompson, Iverson, & Heaton, 2000) .
Data analysis
Dominance durations (mean time in seconds spent perceiving either the left or right cube) were analyzed for each participant. Outlier trials were identified across participants in each group. Dominance durations above or below two standard deviations from the group mean in each condition (Passive, Hold, and Switch) were eliminated from the analysis. For OAs, 6.7% of the data were eliminated (5 out of 75 dominance durations; each mean consisting of 5-6 trials). For YAs, 5.0% of the data were eliminated (3 out of 60 dominance durations). These absolute dominance durations in all three conditions did not follow a normal distribution (Shapiro-Wilk test < 0.05). Accordingly, for each group, the absolute dominance durations were then normalized to the passive condition by dividing the mean dominance duration of the Hold and Switch conditions by the mean dominance duration of the Passive condition. By normalizing the data to Passive, it is possible to compare how participants increased or decreased their dominance durations in the Hold and Switch conditions relative to their performance in the Passive condition. For OAs, 4.0% of the normalized dominance durations were eliminated (2 out of 50). For YAs, 5.0% of the normalized dominance durations were eliminated (2 out of 40).
Mixed-model ANOVAs with group as the between-subject factor and condition (dominance durations) as the within-subject factor were used to determine significant group differences between OAs and YAs. Huynh-Feldt correction was applied as appropriate. Post hoc planned independent group t-tests were performed to compare the effect of group (OA, YA) on dominance durations to further explore group differences. Post hoc planned dependent group t-tests were conducted to determine whether each group was able to increase (Hold) or decrease (Switch) their dominance durations compared to their performance during Passive viewing.
Our main hypothesis was that relative to YAs, OAs would show a reduced ability to increase the time perceiving the instructed cube in the Hold condition relative to their performance during Passive viewing (that is, normalized dominance durations). Accordingly, we applied one-tailed tests for the overall mixed design model ANOVA and on the individual planned comparisons in the Hold condition, but two-tailed tests for the Passive and Switch conditions.
Pearson correlations were used to examine correlations between performance on neuropsychological tests and dominance durations (absolute and normalized) for each condition.
Results
Necker cube: absolute dominance durations Figure 2 . Because the OA group included individuals with a wide age range (56-78 years; mean 65.9), we examined the correlation of age and performance within this group. There was no correlation between OA age and absolute dominance durations on passive viewing (r = .05, p = .81), or on either normalized condition (Hold: r = −.25, p = .25; Switch: r = .01, p = .96). Comparing the performance of the younger OAs (10 individuals aged 56-64 years) with the older OAs (14 individuals aged 65-78 years) revealed no group differences in either experimental condition (Passive: t(20) = 1.4, Taken together, these results indicate that both OAs and YAs, as groups, tended to alternate between the two percepts an equal number of times per minute, whereas the length of time between the switches, that is, the dominance durations, was significantly different for the groups under the Passive viewing and Hold conditions. This relation between switch rate and dominance duration reflects the fact that some individuals tend to be faster or slower at switching, and may hold one percept longer than the other (see Borsellino, De Marco, Allazetta, Rinesi, & Bartolini, 1972) .
Eye movements: deviation from fixation point and association with Necker cube performance
To assess the possible influence of eye movements on performance for those participants who provided reliable data (14 OAs and 12 YAs), we calculated the ability to maintain fixation as the mean deviation from fixation (degrees of visual angle) for each experimental condition. Each participant had three mean deviation scores for horizontal eye positions and three mean deviation scores for vertical eye positions, with the three scores corresponding to the Passive, Hold, and Switch conditions. A mixed-design ANOVA, with group (YA and OA) and fixation deviation in conditions (Passive, Hold, and Switch) as factors, found no main effects of group, condition, or their interaction for either horizontal (all F-values < 1.17) or vertical (all F-values < 1.70) eye movements. We further evaluated whether eye movements, specifically the deviation away from the fixation cross, impacted performance during the Passive, Hold, and Switch conditions. We found no significant correlations between horizontal eye movements and performance by OAs We examined whether there was an association between cognitive function and performance under the three Necker cube conditions (Passive, Hold, and Switch; absolute and normalized). Because we administered several cognitive tests and conducted a corresponding number of correlations, a conservative alpha of .01 was used to assess significance. Reaction time to complete Trails B (cognitive setshifting measure) correlated significantly with absolute dominance durations (r = .74, p < .001) during the Switch condition for the OA group. Correlations were not significant for Trails B after correcting for the processing speed component associated with the task (Trails B minus Trails A), however. No other correlations were significant for the OA group. There were no significant correlations between performance on the Necker cube and any neurocognitive test for the YA group.
Discussion
The present study examined the role of aging in bistable perception. The older and younger age groups differed on bistable perception in the Passive and Hold conditions, but not in the Switch condition. Relative to YAs, OAs saw a dominant percept for a significantly longer period of time during Passive viewing. Both groups were able to increase and decrease the time spent observing one particular cube percept in each volitional control condition. OAs were significantly less successful than YAs at increasing their dominance duration in the Hold condition, relative to their dominance duration in the Passive condition, however. OAs and YAs showed a similar decrease in dominance durations in the Switch condition relative to their performance in the Passive condition, and they did not differ in switch rate under any condition. Eye movements (specifically, deviation from fixation) did not drive the group differences. There was no association between bistable perception and cognitive functioning, as assessed by empirically based neuropsychological tests of executive function, known to measure abilities subserved by the frontal lobes, such as inhibition (e.g., Stroop Color-Word Test), cognitive flexibility, and resistance to perseveration (Trail Making Test, Wisconsin Card Sorting Test, verbal fluency). Aydin and colleagues (2013) , which initially explored the mechanisms of bistable perceptual organization with the use of another well-known stimulus (i.e., Rubin face-vase). Brain lesion studies (i.e., frontal-lobe craniotomy versus parietal craniotomy/healthy adults; Meenan & Miller, 1994; Ricci & Blundo, 1990; Yacorzynski & Davis, 1945) as well as imaging studies have implicated frontoparietal networks in bistable perception (Britz et al., 2009; Knapen et al., 2011; Rees & Lavie, 2001; Slotnick & Yantis, 2005; Sterzer & Kleinschmidt, 2007; Tong et al., 2002; Weilnhammer et al., 2013) , suggesting that attention-related brain areas support spontaneous perceptual alternations by sending topdown signals to guide activity in visual cortex toward one perceptual representation or the other (see Blake & Logothetis, 2002; Knapen et al., 2011; Leopold & Logothetis, 1999) .
Recent studies have identified potential further differentiation of the neuronal substrates for spontaneous vs. controlled viewing of bistable stimuli, suggesting that frontal activity is not critical to passive viewing (de Graaf, De Jong, Goebel, Van Ee, & Sack, 2011; Frässle, Sommer, Jansen, Naber, & Einhäuser, 2014) . De Graaf and colleagues used rTMS (repetitive transcranial magnetic stimulation) to cause virtual lesions in frontal and parietal regions during the passive viewing of a bistable structure-from-motion stimulus. They found that rTMS to dorsolateral prefrontal cortex impacted the Switch condition, but rTMS to either the frontal or parietal regions had no effect on passive viewing (note, there was no Hold condition in this experiment). Frässle and colleagues (2014) used a combination of fMRI and measures of optokinetic nystagmus and pupil size to objectively and continuously map perceptual alternations during binocular rivalry (with both static and dynamic gratings) in order to assess neural activity while controlling for the confounding effects of verbal responses. They found that activation in frontal areas (middle frontal gyrus bilaterally) was absent when young adult observers passively viewed bistable stimuli without reporting perceptual alternations, whereas occipital and parietal areas remained active. These investigators suggested that the frontal activation typically seen during binocular rivalry experiments might be associated with introspection and verbally reporting a particular percept when passively viewing bistable stimuli rather than serving as the neuroanatomical foci underlying spontaneous perceptual organization. These studies together support the hybrid model of bistable perception, suggesting that rivalry occurs at multiple stages in the visual system (for reviews, see Kornmeier & Bach, 2012; Ooi & He, 2003) .
Regarding the healthy aging brain, imaging studies have revealed thinning in widespread cortical areas, including sensory-motor primary and association cortex (i.e., primary motor cortex and calcarine cortex [V1]; Salat et al., 2004) . Other or additional neuronal substrates could underlie this perceptual slowness in healthy OAs, including, for example, slow adaptation of firing neuronal rate (oscillatory models; Pettigrew, 2001) or neuronal noise (noise-driven attractor model, reviewed in Braun & Mattia, 2010) . These possibilities underscore the need for further studies exploring the neuronal mechanisms underlying perceptual organization in older as well as in younger and middle-aged adults.
Age-related changes in bistable perception during volitional control We found that OAs were able to both increase (Hold condition) and decrease (Switch condition) the time spent perceiving one particular percept. Nonetheless, OAs in the Hold condition showed a smaller increase in dominance duration (mean 62% [58%]) than YAs (mean 111% [65%]) relative to their performance during the Passive condition. The groups did not differ in their ability to decrease dominance durations in the Switch condition relative to the Passive condition (OAs 34% [28%] and YAs 33% [27%]). These results indicate that OAs have a selective vulnerability in their ability to hold one percept of a bistable figure, with their ability to switch between two percepts being conserved.
Aging effects on the brain may underlie reductions in the ability to implement selective attentional control in holding one percept while suppressing the other, rather than switching attention between the two competing perceptual interpretations. Supporting this hypothesis are imaging and neuropsychological studies that have indicated aging effects specifically in selective attention (i.e., ability to filter out relevant stimuli to focus on goal-relevant information), but not switching attention (i.e., ability to flexibly alternate between two competing environmental demands) (Gazzaley & D'Esposito, 2007 ; for reviews, see McDowd & Shaw, 2000; Knight, McMahon, Skeaff, & Green, 2010) . For example, Knight et al. (2010) found that the speed of visual search for digit targets (2 and 7) under same-category (other digits) and different-category (letter) distracter conditions declined with increasing age, using the Ruff 2 and 7 Selective Attention Test (Ruff, Niemann, Allen, Farrow, & Wyllie, 1992 ). An fMRI study investigated brain activity of YAs (mean age 23.3 years) and OAs (mean age 67.8 years) performing a selective attention letter-name matching task with two levels of attentional load (Ansado et al., 2012) . With increasing attentional load, OAs displayed an increased recruitment of bilateral frontal regions, whereas YAs used more occipital regions. These findings highlight potentially different functional networks in YAs and OAs subserving the ability to voluntarily disambiguate perceptual interpretation and maintain it, which may accord with our finding of OAs being less able than YAs to hold one percept of the Necker cube.
On tasks that measure switching attention, speed and accuracy of performance by OAs have been found to be comparable to that of YAs, including switching between spatial locations (Folk & Hoyer, 1992; Yamaguchi, Tsuchiya, & Kobayashi, 1995) and switching between tasks (Kramer, Hahn, & Gopher, 1999; Wasylyshyn, Verhaeghen, & Sliwinski, 2011) . In the Switch condition of our study, participants needed to repeatedly deactivate the percept that was initially relevant and activate the currently relevant percept. fMRI studies with YAs found activation of the dorsal anterior cingulate cortex and inferior temporal cortex during attentional switching (Kim, Johnson, & Gold, 2012) and of the superior parietal cortex during perceptual switching (Ravizza & Carter, 2008) . These brain areas are distinct from those suggested to be involved in selective attention and holding one percept of the Necker cube, which is in agreement with our findings of differential performance under Hold and Switch conditions. As discussed above, de Graaf and colleagues found that rTMS in the dorsolateral prefrontal cortex impacted the ability of healthy young adults to decrease their dominance durations of a bistable stimulus during the Switch condition compared to occipital activation during passive viewing. Even though the investigators did not assess the Hold condition in their study, their results highlight the need to disentangle the neuronal and functional mechanisms subserving holding one perceptual representation vs. expediting the switch between possible perceptual interpretations in response to environmental demands.
Age-related changes in bistable perception and association with cognition
Our results showed no association between executive functioning and perceptual reversibility. As previously noted, frontal (including the dorsolateral prefrontal cortex) and parietal areas have been found to support perceptual reversals. Though nonoverlapping brain areas may explain the lack of correlation between resolution of perceptual ambiguity and executive function, another reason for the lack of correlation may be the cognitive functions assessed in this study, which included inhibition, processing speed, verbal fluency, and set-shifting. Data from these measures were collected as part of a larger study assessing perceptual rigidity in Parkinson's disease . Another approach may be to employ neuropsychological tests that measure working memory or different facets of attention (i.e., selective, switching, divided, sustained) to help elucidate the neurocognitive mechanisms subserving bistable perception in OAs.
Limitations of the study
This study was subject to a number of limitations. First, having the examiner record the participants' verbal reports of perceptual state is a source of variability in the reaction time data. This aspect of the study design was dictated by the need to accommodate the motoric limitations of individuals with Parkinson's disease in the larger concurrent study . Future investigations should consider participant recording of perceptual state. As noted above, this study was also restricted to certain neuropsychological tests of attention and cognition, which were used because they were part of the larger concurrent study; those tests are standard for neuropsychological assessments. In the future, it would potentially be valuable to evaluate multiple aspects of attention and working memory, in order to probe for correlations between these type of functions and deficits in the volitional control of bistable perception in the aging population, adding to the literature of healthy young adults (2014b, Intaitė, Koivisto, & Castelo-Branco, 2014a) . It would also be of interest to examine individual differences in the perception of ambiguous figures, as there was substantial variability in performance within groups (e.g., fast switchers vs. slow switchers). Finally, the age range of our OA participants was broader than the age range for the YA participants, which is a study limitation even though differences in age ranges are common in studies comparing performance of OAs and YAs.
Conclusions
The results of this study indicate that OAs had longer dominance durations than YAs during passive viewing of a Necker cube, and were significantly less able to increase their dominance duration in the Hold condition relative to their performance in the Passive condition. By contrast, their performance in the Switch condition was comparable to the performance of YAs. There were no group differences in eye movements or cognitive performance that would account for these findings, suggesting that differences in the integrity of brain areas recruited for selective attention may have driven the group effects.
The importance of the topic is underscored by potential real-world implications. Our population is aging and increasingly will encounter challenges while navigating the perceptually ambiguous world. Better understanding of the perceptual changes occurring in the aging brain may lead to evidence-based interventions aimed at maintaining the ability of OAs to carry out their usual activities of daily living, as has been a focus of work with OAs with neurodegenerative conditions (e.g., Dunne, Neargarder, Cipolloni, & Cronin-Golomb, 2004; Laudate et al., 2012) .
